This paper concerns the extent to which the precedence effect is observed when leading and lagging sounds occupy different spectral regions. Subjects, listening under headphones, were asked to match the intracranial lateral position of an acoustic pointer to that of a test stimulus composed of two binaural noise bursts with asynchronous onsets, parametrically varied frequency content, and different interaural delays. The precedence effect was measured by the degree to which the interaural delay of the matching pointer was independent of the interaural delay of the lagging noise burst in the test stimulus. The results, like those of Blauert and Divenyi [Acustica 66, 267-274 (1988)], show an asymmetric frequency effect in which the lateralization influence of a lagging high-frequency burst is almost completely suppressed by a leading low-frequency burst, whereas a lagging low-frequency burst is weighted equally with a leading high-frequency burst. This asymmetry is shown to be the result of an inherent low-frequency dominance that is seen even with simultaneous bursts. When this dominance is removed (by attenuating the low-frequency burst) the precedence effect operates with roughly equal strength both upward and downward in frequency. Within the scope of the current study (with lateralization achieved through the use of interaural time differences alone, stimuli from only two frequency bands, and only three subjects performing in all experiments), these results suggest that the precedence effect arises from a fairly central processing stage in which information is combined across frequency. ¸
INTRODUCTION
The precedence effect in binaural hearing refers to the dominance of earlier-arriving interaural cues, often associated with abrupt onsets, in determining sound source localization and intercranial sound image lateralization. Although there is a long history of research on the precedence effect (Zurek, 1987) , one important question that has just begun to be addressed concerns the spectral spread of the effect.
Recent studies by Blauert and Divenyi (1988) and Divenyi (1992) examined the influence of a brief diotic leading sound on the discriminability of interaural delay of a brief lagging sound, with the leading and lagging sounds in different spectral regions. Their results showed strong interference with the interaural discrimination task (i.e., strong precedence effect) when the leading sound was lower in frequency than the lagging sound and little or no effect when the leading sound was higher in frequency than the lagging sound.
Blauert and Divenyi (1988) interpreted these results as being consistent with the asymmetry of peripheral frequency analysis (upward spread of excitation). They acknowledged, however, that the lagging sound was always audible and that the spectral asymmetry must therefore lie in the interaural-delay domain--an effect they referred to as "localization masking." Divenyi (1992) teraural delay--would mask the localization information in a trailing sound more so than a leading sound that is low in localization strength. Similar studies of cross-frequency precedence effects have been underway in our lab, and these have forced us also to consider the joint contribution of spectral and temporal effects. The present report describes these studies, which include an experimental approach to factoring out the influence of each variable (spectral difference or temporal order) in order to measure the influence of the other factor in isolation.
I. GENERAL METHODS
The methods employed here are essentially the same as the pointer methods described by Shinn-Cunningham et al. (1993) . All subjects in the experiments had normal hearing; three of the subjects were authors of the paper, while the remaining three subjects (in the first experiment) were paid undergraduates with no previous experience in binaural tasks. Listening under headphones, subjects adjusted an acoustic pointer to match the intracranial position of a test stimulus. By pressing keys on the keyboard of a computer terminal, subjects could switch between listening to the pointer (an ongoing train of noise bursts) and the test stimulus (also an ongoing train of noise bursts). The pointer and test stimuli always had similar spectral composition but different interaural temporal structure (described below). In addition, to help distinguish between the two trains, the pointer stimuli were presented at a rate of two per 1.5 s whereas the test stimuli were presented at two per second. The position of the pointer was varied by changing interaural delay in steps of 12.5, 25, or 50 •s in either direction, depending on which Figure l(a) shows the test stimuli used in. experiments I and 3, while Fig. l(b) shows the test stimuli used in experiment 2. Each noise burst in the test stimuli originated as digital white noise that was then spectrally filtered and temporally windowed. The nominal bandwidth of the filter was 300 Hz and the rejection rates were at least 20 dB/oct. The time window, a 3-ms Hanning function, was applied to a segment of the narrow-band noise to form a burst. The center frequencies of the narrow-band noise bursts were either 450 Hz, termed the "low" or L stimulus, or 1250 Hz, the "high" or H stimulus. A test stimulus was constructed by summing two binaural bursts, with the onset of one lagging that of the other. In most cases this lag was 1 ms [ Fig. l(a) ], a value which leads to a strong precedence effect for broadband noise bursts in similar experiments' (Shinn-Cunningham et al., 1993). In one experiment, there was no lag between bursts [i.e., the lag was zero; see Fig. l(b) ]. Because the durations of individual bursts were 3 ms, the stimuli overlapped in time for both values of lag. Leading and lagging binaural bursts were always independent samples lhat were individually scaled to achieve the desired level (an rms of 87 dB SPL for most cases). Further, within a train of stimuli fresh noise samples were used in each burst. The lateral position of the test stimulus was varied by imposing interaural! delays r• and r 2, respect vely, on the leading and lagging bursts;.
The pointer stimulus was designed to be as similar in: quality as possible to the test stimulus. It was composed of the same L and H stimuli for leading and lagging bursts, with the same lag between theta, but with equal interaural delays. for leading and lagging bursts. This interaural delay was adjusted by the subject to match the pointer's intracranial position to that of the test stimulus.
The measure of the precedence effect described by Shinn-Cunningham et al. 1'1993) was used here as well. According to the descriptive model outlined in that paper, the precedence effect is measured by a parameter c that weights the contributions of the leading and lagging interaural delays:
where: a is the average lateral position of the composite image as measured by the adjusted interaural delay of the pointer. In that paper, c was shown to depend upon a number' of factors for wideband ncise bursts, including the interburst lag; the burst level, and the difference of r 1 and •. In the present paper, the main effect to be examined is the dependence of c on noise-burst center frequency. Table I) r2) ], then there should be no effect of frequency condition or subject alone since the expected means averaged across all values of (r• ,r 2) would be zero. Instead, the effect of subject was extremely significant (p <0.0001), while the effect of frequency condition reached marginal significance (p<0.02). Inspection showed that some subjects showed asymmetric responses in some frequency conditions. The extent and direction of these asymmetries depended upon both frequency condition and subject, thus explaining the significant interaction of these factors (p<0.0005). In addition, if c is independent of (rl ,r2), the interaction of r• with r 2 should not be significant. The individual-subjezts' matrices of c values generated by combinations of (r• ,r2) were inspected for systematic dependencies. The results of Shinn-Cunningham et al. (1993) using wideband noise bursts suggested a relatively simple dependence ofc on r•-r 2 for a lag of 10 ms; for a lag of 1 ms, the precedence effect was nearly complete in all cases and c was near one for all (rl ,r2). The current results showed no consistent, systematic effects depending on (r I ,r2). However, for a given frequency condition and subject, the values of c did vary quite substantially for different combinations of (r•,r:) compared to the variability in subject's responses. Thus while the choice of (r I ,r 2) caused significant changes in performance for a given subject, there were no clear or simple trends which were consistent across subjects. Consistent with the ANOVA of match responses, strong asymmetries were evident for some subjects in some conditions. The above results demonstrate that many factors cause consistent changes in performance, but that most of these changes are insignificant when the range of r l,r 2 values is restricted. Since much of the variability in the results (even with the larger range of r• ,r2) can be accounted for in regression analysis using r I and r 2 as variables, the overall sizes of the effects of other factors must be relatively small even though they are highly statistically significant. The main effect of interest in the current study is how frequency content affects the relative localization strength of the bursts. Thus in this study we focus on how estimates of c (a measure of the relative localization strengths of the bursts) depend upon fre- two different levels (80 and 110 dB SPL). The strength of the precedence effect in the earlier study is roughly comparable with present results. The direction of the cross-frequency asymmetry seen in Fig. 3 is the same as that described by
II. EXPERIMENT 1: SEQUENTIAL BURSTS WITH EQUAL LEVELS

(shown in
Blauert and Divenyi (1988) and Divenyi (1992).
III. EXPERIMENT 2: SIMULTANEOUS BURSTS WITH VARIED LEVELS
A. Methods
The results of the first experiment confound two possible factors which could affect lateralization: a simple spectral effect whereby low-frequency stimuli carry more perceptual weight than do high-frequency stimuli and a temporal effect whereby leading sources carry more weight than do lagging sources. In order to separate any spectral dominance effects from temporal (precedence) effects, we removed the temporal factor and measured the remaining low-frequency dominance. To this end, subjects matched the lateral position of test stimuli in which low and high bursts were presented simultaneously [i.e., the lag was zero as shown in Fig. 1 (b) ]. A recent paper (Aoki and Houtgast, 1992) showed that both lateralization and diffuseness of a sound image comprised of two bursts shows a precedence effect, and that the relative influence of a burst can be increased by increasing the relative intensity or duration of the burst. In the current experiment, the ratio of the levels of the high-and low-frequency bursts was parametrically varied in order to find relative levels at which the two bursts were equally influential on the lateral position of the test stimulus.
Since bursts were simultaneous, only one frequency 
IV. EXPERIMENT 3: SEQUENTIAL BURSTS WITH COMPENSATED LEVELS
A. Methods
In the final experiment, lag was once again set to I ms and further pointer adjustments made. The same three subjects (RC, PZ, and BGSC) were tested with stimuli in which the ratio of low-to-high-frequency burst level was set to the critical level found for each subject in the preyions experiment. Thus precedence-effect stimuli were constructed that used burst level to compensate for low-frequency dominance in lateralization judgements. Two conditions (L-H and H-L) were tested using the abbreviated stimulus set, and two replications were performed for each condition. 
B. Results
A multiway ANOVA analysis of the raw match results (with factors of frequency condition, rl ,r 2, and subject, and including up to three-way interactions) showed that r• and r 2 were both significant faztors (p <0.0001). Subject differences were also significant (p<0.005), while the interaction of subject and r• reached marginal significance (p<0.02).
No other factors were sigrtificant. These results are consistent with the hypothesis that the level-compensated L-H and H-L conditions are equivalent.
In an ANOVA analysis of c values, neither frequency condition nor subject was significant. although their interaction reached marginal significance. Post hoc analysis revealed that only the difference between subject PZ and subject BGSC in the H-L condition was marginally significant (p<0.02). Summary results can be seen in In the present study the notion of unequal localization strength was put to the test by showing that there was such an inequality when the low-and high-frequency components were simultaneous. Then, this imbalance was equalized through relative intensity adjustment, using overall burst intensity to alter the relative salience of interaural time delay of the burst (similar to a study by Aoki and Houtgast, 1992) . With this equalization, the precedence effect was roughly equal for L-H and H-L stimuli. Assuming the generality of this result, which was demonstrated here with an admittedly limited set of data (using only one interburst delay, interaural timing differences alone, only one pair of stimulus frequencies, and only three subjects), it indicates that the spectral asymmetry of the precedence effect seen with equal-level components is the result of the localization strength of the components, while the precedence effect itself is equally strong both upward and downward in frequency.
It (Divenyi, 1992) , and "spectral dominance" to be equivalent terms. On the other hand, we reserve the term "precedence effect" to refer to temporal order effects that remain once spectral dominance has been factored out.
The present results contribute to the development of models of complex sound lateralization and the precedence effect. In particular, the finding of a precedence effect with stimuli separated by over an octave that is as large as that obtained with stimuli within the same band suggests that the effect is probably not occurring at peripheral levels where spectral selectivity is still in force. Rather, a simpler picture, and one consistent with other evidence (Zurek, 1987; Rakerd and Hartmann, 1992 ) is that the precedence effect is a rela-tively central phenomenon acting on auditory images formed after spectral assimilation.
In summary, the present results suggest that the precedence effect operates across spectral regions with about the same strength as when leading and lagging bursts are within the same spectral band. The effect does not seem to be asymmetric with frequency once the inherent dominance of lowfrequency interaural delay is factored out. However, further work is needed to (1) investigate the subject differences seen in the current results, (2) IA multiway ANOVA which included only the L-H and H-H frequency conditions found no statistically significant effects due to frequency condition or to any interaction of frequency condition with other factors, demonstrating that the similarity of the two conditions seen in Ftg. 2 holds across subjects as well. The similarities of these two conditions may be due in part to the strength of the prex.edence effect in these cases; although there are systematic changes in mean position with r2, these changes are quite small and ot is nearly equal to :• for all subjects and values of rl and r2.
